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Abstract Agricultural efforts to end hunger in
Africa are hampered by low fertilizer-use-efficiency
exposing applied nutrients to losses. This constitutes
economic losses and environmental concerns related
to leaching and greenhouse gas emissions. The effects
of NH4NO3 (0, 60 and 120 kg N ha
-1) on N uptake,
N-leaching and indirect N2O emissions were studied
during three maize (Zea mays L.) cropping seasons on
clay (Chromic luvisol) and sandy loam (Haplic lixisol)
soils in Zimbabwe. Leaching was measured using
lysimeters, while indirect N2O emissions were calcu-
lated from leached N using the emission factor
methodology. Results showed accelerated N-leaching
(3–26 kg ha-1 season-1) and N-uptake (10–92 kg
ha-1) with N input. Leached N in groundwater had
potential to produce emission increments of 0–94 g
N2O-N ha
-1 season-1 on clay soil, and 5–133 g N2O-
N ha-1 season-1 on sandy loam soil following the
application of NH4NO3. In view of this short-term
response intensive cropping using relatively high N
rate may be more appropriate for maize in areas whose
soils and climatic conditions are similar to those
investigated in this study, compared with using lower
N rates or no N over relatively larger areas to attain a
targeted food security level.
Keywords Fertilizer  Leaching  Lysimeter 
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Introduction
Research in southern Africa has established that in a
manner dependent on seasonal rainfall distribution,
the retention of N in topsoil for crop uptake is offset by
nutrient leaching (e.g. Mapiki et al. 1993; Nyamangara
et al. 2003), soil erosion and runoff (e.g. Nyamadzawo
et al. 2006). Rainfall is a major input in cropping
systems but, unlike fertilizer, it is difficult to control,
and too much or too little rainwater is not avoidable.
The relationship between nutrient leaching and green-
house gas emissions is poorly understood because of
limited tracking of leached-N through groundwater
and rivers (IPCC 2000). The IPCC guidelines for
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national greenhouse gas inventories presented an
emission factor of 0.0075 kg N2O-N kg
-1 leached-N
(de Klein et al. 2006). This N2O is produced from
groundwater that reaches the surface as part of
wetlands or rivers and is classified under indirect
N2O emissions from managed soils. An understanding
of the contribution of rainfall patterns and N input to N
leaching and indirect N2O emissions may help min-
imize the contribution of croplands to greenhouse gas
emissions and nutrient losses while maintaining
reasonable crop productivity.
In justifying the need for the indirect N2O emis-
sions category, Nevison (1999) indicated that
researchers began noticing elevated concentrations
of dissolved N2O in groundwater and rivers (which
were not included in the short-term direct N2O
emission measurements), and thus, this category
would make it possible to consider both short and
long term fates of applied N in agriculture.
The use of lysimeters is a proven method for
measuring movement of water and chemicals through
the soil profile (Derby et al. 2002; Goss and Ehlers
2009). Hansen et al. (2000) classified lysimeters
according to drainage (zero-, low- and equilibrium-
tension), packing of test material (block or excavated
intact, Ebermayer or in situ and filled-in) and method of
measuring water content (weighing and non-weigh-
ing). The zero-tension lysimeters have been widely
used worldwide, while repacking of soil profiles has
been employed in some studies from southern Africa
(e.g. Nyamangara et al. 2003; Kamukondiwa and
Bergstrom 2007). In this method soil is packed
simulating its bulk density under undisturbed condi-
tions and using a number of soil horizons of the same
thickness and types as found in the natural state
(Hansen et al. 2000). The method is relatively simple
although gravity drainage (zero-tension) can only
occur when the soil above the drain exceeds field
capacity, which may cause an unrealistic soil moisture
regime or affect crop growth (Derby et al. 2002).
Nevertheless, Webster et al. (1993) showed that the use
of field lysimeters in measuring N leaching may give
comparable N concentrations to those of ceramic cups,
except for the differences in drainage patterns.
The aim of this study was to understand the
relationships between fertilizer-N input, N leaching
losses (and indirect N2O emissions) and crop produc-
tivity in Zimbabwe. The objectives were to determine
the amount N leached below the maize rooting zone
using field lysimeters, assess the recovery of applied-
N in maize, and relate these to indirect N2O emissions,
thus determining the long term fate of applied N. It
was hypothesised that the partitioning of N inputs
between crop, N-leaching and N2O emissions could be
optimized for high crop productivity and low losses.
Materials and methods
Study sites
The study was conducted during Seasons I (2006/
2007), II (2007/2008) and III (2008/2009) at the
University of Zimbabwe Farm (UZ-Farm) located
15 km north of Harare (310004800E; 174202400S,
1,501 m above sea level) and at the Domboshawa
Training Centre (DT-Centre) located 30 km north-east
of Harare (310803100E; 173601700S, 1,540 m above
sea level). The two sites experience cold-dry winters
and hot-wet summers (subtropical), with average
annual rainfall of about 850–920 mm and average
annual temperature of about 18–21 C. The total
weekly rainfall received at the UZ-Farm and
DT-Centre during the three seasons is shown in
Fig. 1. The red clay soil at the UZ-Farm is classified
(FAO) as Chromic luvisol, derived from dolerite,
while the brown sandy-loam soil (Haplic lixisol) at the
DT-Centre was derived from granite.
Lysimeter installation and soil profiles
characterization
A lysimeter station was constructed consisting of 24
repacked and gravity drained lysimeters at the UZ-Farm
between August and November of 2006 using the
procedure described by Nyamangara et al. (2003). The
lysimeters (square-shaped with surface area of 1 m2,
depths of 1.1 m and an outflow pipes at the bottom were
constructed from 1.6 mm thick galvanised sheets. The
boxes were laid down in the field with their outflow
pipes connected to a centralized and roofed drainage-
collection pit by polythene pipes (reinforced, Ø 20 mm)
laid at a slope of 27 % to facilitate gravity drainage.
Prior to repacking of the soil profiles a 1-mm stainless
steel mesh was fixed at the bottom of the lysimeter box
and covered by a 0.1 m gravel layer, leaving exactly
1 m depth for each soil profile. The soil layers from the
UZ-Farm and DT-Centre sites were repacked
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replicating the number of soil horizons, their thickness
and bulk density under undisturbed conditions. The
identification of horizons were done from a pit at each
site according to Bennett (1985), while soil particle size
distribution, bulk density, pH, exchangeable bases,
cation exchange capacity, total N and organic C were
determined for each horizon using the methods
described by Mushiri and Chifamba (1998).
Treatments and management
The leaching experiment was set up at the UZ-Farm.
The treatments were: (1) no fertilizer-N applied
(control), (2) NH4NO3-N, applied at 60 kg ha
-1, and
(3) NH4NO3-N, applied at 120 kg N ha
-1. The treat-
ments were replicated four times for the two soil types,
making a total of 24 lysimeters randomly laid out in an
arc-shaped arrangement with four equal blocks facing
a common drainage-collection pit.
Some experimental plots, with identical treatments
(but without lysimeters), were laid out at the same time
and maintained under similar management at the
UZ-Farm (adjacent to the lysimeters), and at the
DT-Centre. A randomised complete block design was
used to establish the experimental plots (5 m 9 6 m).
Some key events at the two sites are shown in Fig. 1.
Experimental plots and the field surrounding the
lysimeter station were ploughed to about 0.2 m soil
depth and disced before sowing each season. Sowing
positions were marked at the centre of each lysimeter
and in the field plots at 0.9 m 9 0.45 m spacing using
a hoe. A locally common hybrid maize variety [SC513,
with 57 days to silk and 126 days to maturity (Seed-Co
1998)] was sown (to two plants per position).
Mineral-N fertilizer (NH4NO3, 34.5 % N) was
applied at 0, 60 and 120 kg N ha-1, 50 % at sowing
and the remaining 50 % at 6 weeks after sowing (next
to crop) each season. In addition, annual basal
dressings of P (30 kg ha-1, as single super phosphate)
and K (30 kg ha-1, as muriate of potash) were applied
at all sowing positions before sowing the seed. In
practice farmers are generally recommended to apply
300–400 kg ha-1 of an N:P:K (8.0:7.0:6.3) fertilizer
for a target yield of 6,000–7,000 kg ha-1 in Zimba-
bwe (ARI 2002). At this rate 19–25 kg K ha-1 and
21–28 kg P ha-1 are supplied, so the basal dressings
of P and K were to ensure that these nutrients are not
limiting. The field bordering the lysimeter station and
experimental plots was also maize-cropped to protect
the experiments and mitigate the border effects. Weed
control was done manually using hoes whenever
required.
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Fig. 1 Weekly rainfall received and some key events timelines at the UZ-Farm (a) and DT-Centre (b), including pan evaporation (ETo)
and estimated crop water need (ETc.) at the UZ-Farm during the 36 months of study starting June (J) 2006
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Sampling
Drainage from lysimeters was collected and measured
following every rainfall event using 20 L polythene
buckets graduated at every 1L. For volumes less than 1
L a measuring cylinder was used. The sampling
frequencies ranged from twice a day to three times in
7 days, depending on rainfall amount and distribution.
The drainage was also sub-sampled into 0.5 L clear
polythene bottles that had been cleaned by soaking in
dilute HCl overnight and rinsed thoroughly with
distilled water for laboratory analyses. Immediately
after sampling, a drop of concentrated HCl was added
into each sample before tightly sealing the bottles to
preserve the samples during transportation for imme-
diate laboratory analysis of NH4
?-N and NO3
--N.
Evapotranspiration was estimated using daily maxi-
mum and minimum temperatures, wind speed, relative
humidity and pan evaporation data from an Automatic
Weather Station located 500 m from the lysimeter
station, and the FAO (2000) estimation guidelines.
The maize crop was harvested from the lysimeters
at late dough stage which was 15–17 weeks after
sowing (H1, Fig. 1a). Generally the rate of N uptake at
this stage would have decreased considerably (Ritchie
et al. 1992) while a substantial amount of leaf N may
have been lost later during leaf senescence, making
this stage a reasonable compromise for assessing total
N uptake. Cumulative N uptake at dough stage may be
proportional to about 70–75 % of total N uptake under
water stressed conditions, or 77–86 % of total uptake
in irrigated systems (e.g. Lemaire et al. 1996).
Aboveground crop material from each lysimeter was
removed, chopped into smaller pieces, air-dried for
7 days and oven dried at 70 C till constant weight
before being weighed, ground and passed through a
2-mm mesh sieve. Maize from the plots was harvested
air-dry at 22–24 weeks after sowing (H2 in Fig. 1a, b),
by cutting all aboveground material in a net plot area
of 3 m 9 3 m. The harvests were subdivided into
grain, shelled-cob and maize residue, and weighed.
Sub-samples from each subdivision were collected for
moisture correction and plant N determination.
Analysis of samples
Water samples collected from lysimeters were ana-
lysed for NO3
--N and NH4
?-N using the method
described by Okalebo et al. (1993). The NH4
?-N was
determined after steam distillation of 10 ml sample in
approximately 0.2 g of MgO i.e., trapping the NH3 in
boric acid plus indicator (bromocresol-methyl red)
solution. The distillate (50 ml) was titrated with
0.005 M H2SO4 using a micro-burette (10 ml capac-
ity). The NO3
--N was determined in the same sample
by adding Devarda’s alloy to reduce NO3
--N to
NH4
?-N and distilling again into fresh boric acid,
followed by titration with 0.005 M H2SO4. Total plant
N was determined using the semi-micro Kjeldahl
method (Bremner and Mulvaney 1982).
Indirect N2O emissions, N recovery efficiency
and partial N budget
The indirect N2O emissions from N leaching, which
show the contribution of applied N to N2O emissions
in a longer term than direct N2O emissions (Nevison
1999), were calculated from N leached using the IPCC
emission factor, i.e. 0.0075 kg N2O-N kg
-1 leached
N, with an uncertainty range of 0.05–2.5 % (de Klein
et al. 2006). Nitrous oxide emission increments from
applied N was estimated as the difference in emissions
between the treatment with no N applied and the
treatment with NH4NO3-N applied.
Nitrogen recovery efficiency, amount of N in crop
(above ground biomass) expressed as a fraction of the
amount applied (Bruulsema et al. 2004), was also
estimated as the difference in N uptake between the
treatment with no applied-N and the treatment that
received NH4NO3-N, divided by that amount of N
applied. Addition of N fertilizer to soil has been shown
to stimulate the uptake of native soil N through a
priming effect recently termed ‘‘added N interaction’’,
and this interaction is greater in soils with high soil
organic C (Rao et al. 1991). It was assumed that this
priming effect would be insignificant since soil
organic C of the two studied soils was relatively
low. Partial N budgets from the lysimeters were
estimated from the summation of N in above-ground
maize biomass and in drainage for each treatment.
This was meant to give an indication of the relative
proportion of applied N in maize and drainage at the
time of the first harvest (H1 in Fig. 1a).
Data analysis
Homogeneity of variance and normality tests were
carried out on drainage and plant data using the
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Levene’s and Kolmogorov–Smirnov’s Tests, respec-
tively, at 5 % level. Two-way analysis of variance
was carried out to establish any significant treatment
and season effects (P \ 0.05). Kruskal–Wallis test
was used instead for the data that did not meet all
assumptions of normality and homogeneity of vari-
ance, even after transformation, and a pair-wise
separation of significantly different treatment means
was done using the Mann-Witney test. Genstat 7.2
(Discovery Edition, Lawes Agricultural Trust UK)
and SPSS 8.0 (SPSS Inc., USA) statistical packages
were used in the statistical analysis of data.
Results
Characteristics of soil profiles
Some properties of the profiles from each site at the
start of the experiment are given in Table 1. Both
profiles had higher clay content in the subsoil than in
top soil, and this was more apparent for the DT-Centre
profile that had sandy clay among the subsoil textures.
The rate of decrease in soil organic C (0.02 % m-1,
r2 = 0.97 for the UZ-Farm profile; 0.002 % m-1,
r2 = 0.20 for the DT-Centre profile) generally indi-
cated higher leaching of soil organic C in the DT-
Centre profile that had lower CEC, exchangeable
bases and pH than the UZ-Farm profile. Despite the
apparently insufficient amounts of exchangeable K,
most Zimbabwean soils do not show K deficiency
mainly because K is contained in mica and feldspar
minerals, making it abundant in most soils derived
from granite, basalt and dolerite in Zimbabwe (Piha
1995). A review by Nyamangara et al. (2000) showed
adequate to high ([0.1 cmol(?) kg-1) K levels in
94 % of Zimbabwe’s surveyed smallholder farming
areas.
Drainage
Total drainage from the lysimeters under different
NH4NO3-N rates on clay soil were nil in Season I,
204–247 mm (i.e., 20–25 % of total rainfall) in
Season II, and 128–193 mm (15–22 % of total rain-
fall) in Season III (Fig. 2a). Higher drainage was
found from the sandy loam soil: 80–107 mm
(13–18 % of total rainfall) in Season I, 247–273 mm
(25–27 % of total rainfall) in Season II, and
200–260 mm (23–30 % of total rainfall) in Season
III (Fig. 2b). The highest drainage from both soils
were in Season II, although there was no significant
effect (P [ 0.05) of N rate on drainage in this season.
In Season II about 70–74 % of total drainage was
found in December alone, while drainage in Season III
was fairly distributed between December and March
under each treatment. The treatment with 120 kg N
ha-1 had the lowest drainage (P \ 0.05) compared
with other treatments on the clay soil in Season III, and
both treatments having NH4NO3 also had lower
Table 1 Particle size (PS) distribution, bulk density (BD), pH,
exchangeable (Ex.) bases, cation exchange capacity (CEC) and
total N and organic C (OC) of soil profiles from the UZ-Farm
and DT-Centre that were used in the installation of a lysimeter
station at the UZ-Farm
Profile Depth
(cm)
PS distributiona
(%: sand, silt,
clay)
BD
(g cm-3)
pH Ex.Ca
(cmol(?)
kg-1)
Ex. Mg
(cmol(?)
kg-1)
Ex. K
(cmol(?)
kg-1)
Ex. Na
(cmol(?)
kg-1)
CEC
(cmol(?)
kg-1)
Total
N (%)
OC
(%)
UZ-
Farm
0–14 26, 18, 56 1.31 6.5 8.6 3.6 0.21 0.14 13.9 0.14 2.41
14–42 21, 15, 64 1.60 6.4 8.0 2.7 0.08 0.13 11.5 0.11 1.63
42–89 16, 24, 60 1.45 6.7 5.4 1.9 0.05 0.12 12.9 0.07 0.93
89–110 32, 21, 47 1.68 6.4 4.7 1.6 0.05 0.12 6.5 0.11 0.34
DT-
Centre
0–11 81, 05, 14 1.72 5.5 1.3 0.7 0.19 0.10 4.2 0.19 1.33
11–33 77, 06, 17 1.69 5.6 1.2 0.4 0.09 0.10 2.9 0.12 0.70
33–67 57, 06, 37 1.81 5.5 2.0 0.6 0.08 0.09 3.4 0.10 0.88
67–96 60, 18, 22 1.63 5.9 1.7 0.5 0.06 0.08 4.3 0.12 –
96–136 58, 06, 36 1.73 5.3 1.9 0.7 0.05 0.09 4.1 0.10 0.85
a According to the FAO, International Soil Reference and Information Centre soil classification system (sand, 63–2,000 lm; silt
2–63 lm; clay \2 lm)
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drainage (P \ 0.05) than the control treatment on the
sandy loam soil. The estimated evapotranspiration was
proportional to 59, 38 and 43 % of the total rainfall at
the UZ-Farm from Seasons I, II and III, respectively
(Fig. 2c). The partial water budget using both drainage
and evapotranspiration therefore accounted for up to
77, 65 and 73 % of the total rainfall received at the
lysimeter station during Seasons I, II and III, respec-
tively. The unaccounted balance of the water budget
was likely to have been a consequence of run-off and
water retained in the profiles. The FAO procedures for
estimating crop evapotranspiration were revised to use
crop coefficients that allow estimates for a wide range
of crops and water management practices (Smith
2000). However, the estimates are not flexible to crop
performance, e.g. when crop biomass differs under
different N rates.
Nitrogen leaching
The concentrations of leached NO3
--N (0–20.0 mg l-1
on clay soil; 4.3–26.2 mg l-1 on sandy loam soil,
Fig. 3a, b) and NH4
?-N (0–3.6 mg l-1 on clay soil;
0–4.1 mg l-1 on sandy loam soil, Fig. 3c, d) responded
significantly (P \ 0.05) to NH4NO3 rate, with the
highest concentration peaks alternating between the 60
and the 120 kg N ha-1. These peaks were found
2–3 weeks after the first NH4NO3 application, while
lower peaks were found within or following a week after
the second NH4NO3 application. Total N leached
ranged from 0 to 20.0 kg N ha-1 on the clay soil and
4.3–26.2 kg N ha-1 on the sandy loam soil, and was
highest (P \ 0.05) in Season II when the highest
drainage was recorded and least in Season I when the
lowest drainage was recorded (Fig. 3e, f). On the clay
soil similar amounts of N loss were found under the 60
and 120 kg N ha-1 treatments in both Seasons II and
III. These losses were equivalent to up to 0.21 kg N
kg-1 applied-N under the 60 kg N ha-1 rate and to
0.09 kg N kg-1 applied-N under the 120 kg N ha-1
rate. However, on the sandy loam soil N losses showed a
positive linear relationships with NH4NO3-N rate
during seasons II and III (P \ 0.05; r2, 0.72), and the
loss was equivalent to up to 0.14 kg N kg-1 applied-N
at both 60 and 120 kg N ha-1 rates.
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Crop responses and N use efficiency
The aboveground biomass and total N-uptake of maize
grown on lysimeter profiles and on experimental plots
responded positively (P \ 0.05) to increasing fertil-
izer applications in all seasons (Table 2). The total
amount of N taken up by maize from the clay soil at
dough stage was proportional to 35–68 % (mean:
54 %) of the total amount of N taken up at physio-
logical maturity from plots at the same site. These
proportions had no correlation with treatment, and
excluded Season I (with the least rainfall) in which
higher N uptake was noted from maize grown in the
lysimeters than in the surrounding plots. It was
observed that during Season I the prolonged dry
period in February (Fig. 1a) that induced some
moisture stress on maize on plots did not cause a
similar stress on the maize grown in the lysimeters.
Maize biomass accumulation and N uptake from the
lysimeters were therefore less affected by dry condi-
tions during Season I. At the DT-Centre rainfall was
excessive during Season II (Fig. 1b) hence the least
biomass and N uptake were recorded at this site.
Results of N uptake from the experimental plots
(Table 2) showed a N recovery efficiency of
0.28–0.46 kg N kg-1 N applied, i.e. 28–46 % (mean:
38 %) on the clay soil and 12–49 % (mean: 30 %) on
the sandy loam soil. Nitrogen recovery was season
dependent on the sandy loam soil (not more than 13 %
in Season II with relatively uneven rainfall distribu-
tion), while on the clay soil it was rate dependent. The
120 kg N ha-1 gave a better N recovery (39–46 %)
than the 60 kg N ha-1 (28–38 %) on the clay soil.
Calculated indirect N2O emissions
Indirect N2O emissions from drainage ranged from nil
to 7.8 mg N2O-N m
-2 week-1 on the clay soil and
from nil to 8.1 mg N2O-N m
-2 week-1 on the sandy
loam soil, while less than 2.7 mg N2O-N m
-2 week-1
for the treatment with no NH4NO3 on both soils
(Fig. 4). The highest indirect emission peaks from
each season coincided with the rainfall peak period
and followed NH4NO3 application events. The second
highest peaks were observed in the last week of
January (characteristic of all seasons), which was
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within or following a week after the second N-fertil-
izer application.
Using the IPCC emission factor leached N in
groundwater had potential to emit a cumulative total
of 0–150 g N2O-N ha
-1 season-1 (mean: 57 g N2O-
N ha-1) on the clay soil, and 32–197 g N2O-
N ha-1 season-1 (mean: 81 g N2O-N ha
-1) on the
sandy loam soil. Some indirect N2O emission
increments of 0, 94 and 54 g N2O-N ha
-1 could
be estimated on the clay soil with 60 kg NH4NO3-
N ha-1 relative to the control treatment in Seasons
I, II and III, respectively. In contrast, lower incre-
ments (5, 63 and 31 g N2O-N ha
-1 for Seasons I, II
and III, respectively) could be estimated on the
sandy loam soil with the same N rate, and this
difference basically reflected higher N-leaching
losses from the control treatment on the sandy loam
soil than on the clay soil. With a fertilizer rate of
120 kg N ha-1 on the clay soil the indirect N2O
emission increments showed no considerable differ-
ence from those that may be caused by the 60 kg
NH4NO3-N ha
-1 in all seasons. However, on the
sandy loam soil the indirect N2O emission incre-
ments were higher with the 120 kg N ha-1 (13, 132
and 95 g N2O-N ha
-1 for Seasons I, II and III,
respectively) than with half this rate.
Table 2 Aboveground biomass (AGB) and total N uptake by maize harvested from field lysimeters at dough stage (H1) at the UZ-
Farm, and from experimental plots at physiological maturity (H2) at the UZ-Farm and DT-Centre in three seasons
Treatment UZ-Farm (clay) DT-Centre (sandy loam)
H1 H2 H1 H2
AGB
(kg ha-1)
N
(kg ha-1)
AGB
(kg ha-1)
N
(kg ha-1)
AGB
(kg ha-1)
N
(kg ha-1)
AGB
(kg ha-1)
N
(kg ha-1)
Season I
0 kg N ha-1 7,762c 53d 6,055ab 39a 3,562c 20b 2,774ab 19ab
60 kg N ha-1 8,525 cd 61de 7,613bc 58bc 6,670e 42d 4,682c 41cd
120 kg N ha-1 9,043de 63e 10,906ef 92d 7,380e 45d 5,700cd 53d
Season II
0 kg N ha-1 1,692a 9a 4,213a 26a 579a 2a 1,434a 10a
60 kg N ha-1 4,345b 23b 6,505bc 43ab 2,218b 12b 2,040ab 17ab
120 kg N ha-1 5,014bc 31bc 9,974de 73c 3,156c 17b 2,534ab 25b
Season III
0 kg N ha-1 4,450b 24b 5,704ab 37a 2,599b 14b 3,950bc 28b
60 kg N ha-1 6,335bc 35c 8,172cd 60c 4,466d 31c 6,843d 53d
120 kg N ha-1 11,063e 53d 12,857f 92d 10,627f 62e 10,145e 87e
Significance * * * * * * * *
CV (%) 28.6 33.5 17.3 18.4 27.1 39.6 26.3 23.5
SED 1,308 9 977 7 879 8 827 6
* Significant at the 0.05 probability level; Different letters denote significant differences
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Fig. 4 Calculated indirect
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Partial N-balance
The relative partial N balance under different treat-
ments in Seasons I, II and III at the UZ-Farm and DT-
Centre are given in Table 3 for the lysimeters. The
summed totals of crop-recovered (aboveground)-N
and leached-N could indirectly account for 8–45 %
and 23–52 % of applied N on clay and sandy loam
soils, respectively. The amount of fertilizer-N
accounted for using this summation depended more
on season and site than on the rate of applied N. Season
I with the least rainfall had the highest amount of
applied N that could not be accounted for (up to 92 %)
on the clay soil, while in Season III with a relatively
more even rainfall distribution up to 52 % of the
applied N could be accounted for as uptake and
leaching losses.
Discussion
This study demonstrates the important relationships
between fertilizer-N input, N-uptake (and crop yield),
N-leaching and indirect N2O emissions from leached
N, and that in some cases these relationships are
consistent across different soils. The relationships
largely shown were accelerated N-uptake, N-leaching
and thus indirect N2O emissions with increased N
input, but more important was the influence of season
on these relationships. This observation highlights the
importance of incorporating the characteristics of a
season, particularly in terms of rainfall distribution,
into the emission factors that are normally used to
provide annual greenhouse gas inventories at national
scale.
The findings from this study are linked to Burneya
et al. (2010)’s suggestion that investment in yield
improvement compares favourably with other com-
monly proposed climate change mitigation strategies.
High crop productivity was obtained by using N rate
of 120 kg ha-1, except in a season where the rainfall
distribution was relatively uneven, and increasing the
N rate did not result in substantial increase in leached
N and calculated indirect N2O emissions per unit
amount of yield. It follows therefore that high N input
would make it easier to attain food security, without
potentially requiring more land to be cultivated at
great cost in terms of soil organic carbon (C) losses
(Flynn and Smith 2010) and wider ecosystem services
(Power 2010). Some cropping systems have recom-
mended a decrease in total N input as a way to reduce
direct emissions of N2O, e.g. in Netherlands
Table 3 The relative partial N budget (±standard deviation) from leaching losses and crop uptake under different treatments at the
UZ-Farm and DT-Centre in Seasons I to III
Soil UZ-Farm (clay) DT-Centre (sandy loam)
NH4NO3 applied (kg N ha
-1) 0 (kg ha-1) 60 (kg ha-1) 120 (kg ha-1) 0 (kg ha-1) 60 (kg ha-1) 120 (kg ha-1)
Season I
N-lost by leaching 0.0 0.0 0.0 4.3 ± 0.2 5.0 ± 0.6 6.0 ± 0.8
N-uptake by maize crop 53.0 ± 4.1 60.8 ± 9.0 63.2 ± 12.4 19.7 ± 2.9 42.3 ± 7.6 45.3 ± 3.3
N accounted from leaching and uptake 53 ± 4 61 ± 9 63 ± 12 24 ± 3 47 ± 8 51 ± 4
aNH4NO3-N indirectly accounted – 8 ± 13 10 ± 16 – 23 ± 12 27 ± 7
Season II
N-lost by leaching 7.5 ± 1.1 20.0 ± 5.8 18.3 ± 3.9 8.5 ± 0.6 17.0 ± 4.7 26. 2 ± 7.2
N-recovered by maize crop 8.9 ± 1.6 22.5 ± 4.4 30.6 ± 8.7 2.3 ± 1.8 12.1 ± 7.6 17.2 ± 2.3
N accounted from leaching and uptake 16 ± 3 43 ± 10 49 ± 13 11 ± 2 29 ± 12 43 ± 10
aNH4NO3-N indirectly accounted – 27 ± 13 33 ± 16 – 18 ± 14 32 ± 12
Season III
N-lost by leaching 2.5 ± 0.6 9.8 ± 1.0 10.4 ± 4.5 4.3 ± 1.2 8.6 ± 2.3 17.0 ± 0.8
N-recovered by maize crop 23.9 ± 2.0 34.8 ± 8.3 53.3 ± 14.5 13.7 ± 5.6 31.0 ± 7.1 63.7 ± 17.2
N accounted from leaching and uptake 26 ± 3 45 ± 9 64 ± 19 18 ± 7 40 ± 9 81 ± 18
aNH4NO3-N indirectly accounted – 19 ± 12 38 ± 22 – 22 ± 16 63 ± 27
a The amount of fertilizer N was indirectly accounted from the summation of N partitioned to crop and drainage, less the similar
summation of N from the control treatment
Nutr Cycl Agroecosyst (2012) 94:85–96 93
123
(Kuikman et al. 2003). In these circumstances where
large fertilizer applications (e.g. 400 kg N ha-1) have
been applied over long periods, it is likely that N
accumulated in organic matter pools can counterbal-
ance a reduction in N input. However, in relatively
infertile soils from most parts of Zimbabwe and
Africa in general, studies have shown low N2O-N
losses that are often below the IPCC’s default
emission factor of 1 % of the applied-N (e.g. Chikowo
et al. 2004; Mapanda et al. 2011).
Increased N-uptake by maize was associated with high
crop productivity and possibly high evapotranspiration
that resulted in reduced drainage from both profiles in
Season III (Fig. 2a, b). Silva et al. (2009) also reported
smaller water flux densities at 0.8 m depths under
treatments that received N applications in the period of
high water demand in maize (tasseling, flowering and
grain filling) in Brazil, which resulted in increased water
uptake by the plants (257 mm, against 186 mm for
treatments with no N-fertilizer). In this study, high crop
productivity may also have maintained low N-leaching on
the clay profile at the highest NH4NO3-N rate (Fig. 3e). It
is therefore possible to optimise the above relationship by
adopting the local general fertilizer-N recommendations
rate for maize in areas whose soils and climatic conditions
are similar to those investigated in this study, given that
contribution of applied-N to greenhouse gas emissions
was relatively low on both soils.
Drainage from the lysimeters was dependant on
rainfall amounts and soil type, and was generally lower
(in proportion to the amounts of rainfall received) than
those reported by Nyamangara et al. (2003) who found
that 45–88 % of total rainwater drained below the 1 m
depth. This contrast could be largely attributed to the
coarser soil texture (loamy sand) that they worked on,
and the observation that their highest drainage was
attributed to poor maize growth after a fungal attack. In
this study the effect of crop performance on drainage
(through evapotranspiration) was only observed in
Season III, because in Season II all the drainage had
ceased by the last week of January (Fig. 2a, b) missing
much of the flowering and grain filling stage (Febru-
ary–March) which are associated with the highest
water demand for evapotranspiration.
The results of this study provided evidence that the
clay soil could retain more applied fertilizer-N at
120 kg N ha-1 than the sandy loam soil, although
overall the gap between N recovered and N applied
was relatively wide on both soils. Mineral-N
movement down the soil profile has been fairly well
studied in east and southern Africa and many studies
have shown that when rainfall is adequate mineral-N
concentrations gradually accrue in lower soil depths as
the season progresses, particularly when N-fertilizer is
applied (e.g. Mapiki et al. 1993; Kimetu et al. 2006;
Nyamangara 2007; Bahmani et al. 2009). Kimetu et al.
(2006) found increasing soil mineral-N with depth
from about 8 mg kg-1 in the topsoil to almost double
that at depths beyond 0.8 m from the surface at the end
of the cropping season for N-fertilized soils. The
amount of N in drainage received in one season
therefore also depended on the N movement in the
previous season, and the wide gap between N recov-
ered and N applied could also be explained by possible
retention of applied N in the soil profile.
The partial N budget supported indications by Raun
and Johnson (1999) that grain cereal N-use-efficiency in
the region has remained low being on average 29 %, and
in this study 12–49 %. Fertilizer not recovered by crop is
liable to losses by atmospheric emissions, surface
runoff, erosion and leaching, particularly under uneven
rainfall distribution. Studies by Reay et al. (2009)
showed that indirect N2O emissions may constitute
about 25 % of the combined direct and indirect N2O
emissions at field scale. Results of this study and the
direct emissions reported by Mapanda et al. (2011) at the
same sites (and same period) showed that in Season II,
with relatively uneven rainfall distribution, this would
be about 22–38 % (mean: 28 %) of the combined direct
emissions and indirect emissions from N leaching.
These ratios were less responsive to soil type and N rate,
but depended more on season. For Season III, with
relatively more even rainfall distribution, the indirect
emissions contributed 25–78 % (mean: 60 %) of the
total emissions. Thus, rainfall distribution could also
affect the proportion of direct and indirect N2O
emissions, with more N2O emissions through leaching
losses than direct emissions under uneven rainfall
distribution. This highlights the urgent need for agri-
cultural research programmes that aim to increase N use
efficiency and reduce environmental degradation in sub-
Saharan Africa.
Conclusion
The overall contribution of applied N to N leaching
and thus indirect N2O emissions, relative to N uptake
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and maize productivity, was strongly influenced by
rainfall amount and distribution (season characteris-
tics). The ratio of maize yield per unit of N leached did
not decrease considerably with increasing rate of
NH4NO3 and was largely unchanged on the sandy
loam soils. In a season where rainfall was evenly
distributed between December and March, high pro-
ductivity in the high fertilizer treatment was able to
reduce the amount of drainage from the clay soil which
reduced N-leaching losses. In another season where
rainfall was highly intense in December and January
the highest N leaching and yield losses were observed.
In addition, the potential contribution of evapotrans-
piration to reduced drainage was not evident because
the rainfall distribution did not synchronise with the
crop water demand peak towards grain filling. In view
of these short-term responses intensive cropping using
relatively high N rate may be more appropriate for
maize in areas whose soils and climatic conditions that
are similar to those investigated in this study,
compared with using lower N rates or no N over
relatively larger areas to attain a targeted food security
level.
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